Abstract-Metallic works of art of cultural relevance are continuously subjected to corrosion as the environment becomes increasingly polluted. A fast and simple method to in situ assess the conservation conditions is therefore required. This paper describes the development and performance of dry and gel-based electrodes which can be used to assess the surface conservation state without the need to move the artifacts and which do not cause any damage to them. The electrodes can be used with a portable electrochemical impedance spectroscopy system, without employing electrochemical cells. The proposed solution does not provide all the information that one can obtain using an electrochemical cell, but it can discriminate between protective coatings. It can be used to assess the protective capability of corrosion product layers and natural patinas, and it can therefore enable a noninvasive routine surface assessment to be conducted that could be extremely useful for people working in the field of conservation of cultural heritage.
since, in principle, it can be used in situ and, potentially, also on precious artifacts.
EIS consists of the measurement of the amplitude and phase of the surface impedance of a metallic object at different frequencies, usually in the 1 mHz-100 kHz range, in order to highlight the barrier properties of the surface layer. The measurement is usually performed by means of an electrochemical cell, by stimulating the sample with a small alternating voltage, of 10-100 mV [4] . EIS consequently provides a small perturbation to the corroding system and a reasonable fast response.
Specific portable devices have been developed to allow researchers to perform EIS measurements in situ [5] - [7] . However, some problems that can prevent the use of this technique on cultural works of art still remain mainly due to the electrolytic solution that is employed for the EIS, which can increase the corrosion rate and irreversibly damage the artifact surface. This problem can be reduced by performing the measurements using mineralized water, which, although free of corrosive ions, can penetrate the small pores that are present in the layer of corrosion products and/or in the protective coating. However, the problem of employing and fixing an electrochemical cell to a work of art still remains. This paper describes two approaches, which avoid the use of electrochemical cells and overcome the previously mentioned problems, although at the expense of a reduced investigation capability. These solutions which are based on soft rubber electrodes and on conductive gels prevent one from obtaining all the data available from an electrochemical cell but do allow enough information to be obtained to assess the conservation state of the artifact.
Both these approaches should allow one to perform impedance measurements without affecting the coating surface, and they can therefore also be used on precious objects. The soft electrodes remain in contact with the surface even in the presence of small irregularities, and this permits meaningful measurements to be obtained also on very thin layers, such as the coating deposited via plasma-enhanced chemical vapor deposition, where electrode distances of few tens of nanometers can alter the results to a great extent [8] , [9] .
However, soft rubber electrodes are not able to penetrate coating pores or defects; therefore, their measurements are only representative of the outer coating profile. A conductive gel, on the contrary, is able to penetrate some micropores and highlight the presence of coating defects.
Although the proposed approaches are not able to provide information on the ionic charge transfer phenomena, they can be considered very useful to highlight dangerous conservation Fig. 1 . Simplified equivalent circuit model of a metal/coating/electrolyte system. The model is composed of two sections: On the right is the network which describes the surface defects, i.e., the behavior connected to the presence of pores in the coating present on the surface, and on the left is the capacitor which takes into account the protective behavior of the coating.
conditions and to assess the protective capability of different coatings applied directly to a real artifact.
II. ELECTRODE DESIGN AND CHARACTERIZATION

A. EIS Principle and Electrochemical Cells
The capability of EIS to assess the surface properties is related to the capability of different frequencies to highlight different phenomena. Metallic surfaces are physical objects that are extremely difficult to describe. They can be considered as multilayer structures affected by diffusion phenomena connected to the micropores and to the ionic charge transfer phenomena.
Equivalent simplified electric models based on the use of lumped elements are usually employed to obtain some understanding of the phenomena [10] , [11] . Fig. 1 shows, as an example, a simplified model, which can be used in the case of a single prevalent layer. The model is composed of two sections: On the right is the network that describes the surface defects, i.e., the behavior connected to the presence of pores in the corrosion layer, and on the left is the capacitor with the film capacitance C f , which takes the protective behavior of the layer into account. In the case of a good coating, this is the only component which is present, as the pore resistance R p is extremely high. In this case, the behavior is that of a capacitor, and the impedance tends to extremely high values for low frequencies. The absence of a path for the dc current rules out the possibility of corrosion, and this explains the protection capabilities of the coating.
The network used by the authors to describe the electrical behavior related to the charge transfer [12] , i.e., to the critical part for the corrosion phenomenon, is composed of the charge transfer resistance R ct that is the resistance connected to the electrochemical reaction which occurs at the coating/substrate interface, and the double-layer capacitance C dl , which takes the diffusion phenomena into account. The diffusion phenomena, which constitute an intrinsically distributed process, are described by a constant phase element, which models an impedance with a phase with a constant value between −90 • and 0
• , i.e., with behavior midway between a capacitor and a resistor. In the EIS measurement, the model parameters are identified by fitting the model to the measured impedance.
In order to identify the diffusion components correctly, the measurements have to be extended to very low frequency values, i.e., as low as 0.01 Hz or even 0.001 Hz. This is necessary to allow the solution to diffuse in the micropores, which thus can be a very slow process and results in long measurement sessions, which can last more than 1 h. An electrochemical cell, similar to the one shown in Fig. 2 , is used in conventional EIS tests where a specimen is clamped and exposed to an electrolytic solution. Unfortunately, the exposure of a sample to the solution, even for just a couple of hours, can dramatically damage the surface, as shown, as an example, in the inset in Fig. 2 where the corrosion of an iron sample after 1 h of immersion in the aggressive solution can be observed.
In order to avoid damaging the surface, the electrolytic solution should be replaced with dry electrodes, but this, of course, would make it impossible to investigate the behavior of the micropores. As an alternative, the electrochemical solution could be substituted with a low-aggressive conductive gel. Any possible solution, naturally, has to face another important problem connected to the surface roughness of the works of art: Protective coatings and any surface corrosion layers do not tend to grow uniformly, and therefore, a flat surface cannot be expected. An electrochemical cell does not suffer from this problem, since the solution is capable of following the surface, but other nonliquid electrodes are affected by this inconvenience.
The authors therefore decided to develop two electrodes, one that avoids the use of any solution and the other based on a lowmobility solution trapped in a gel. Both electrodes are flexible and can follow some of the surface irregularities.
B. Dry Electrodes
Dry electrodes can be prepared either by employing conductive polymers or by coating polymeric substrates with a conductive layer. The first solution is attractive, but most conductive polymers have a high resistivity. This can cause problems when the impedance to be measured is low, i.e., at high frequencies, if C f is high and, at any frequency, if R p has a low value. The authors decided to follow the latter approach by depositing a conductive layer through dc plasma sputtering. A gold target (99.99% purity) was used, in conjunction with argon, at a pressure of 5 Pa as the discharge gas. The depositions were carried out using a current of 120 mA for a duration of 800 s to obtain a nominal thickness of the gold layer of about 200 nm.
The dry electrode requires the selection of a base material which must be soft enough to follow the sample irregularities without leaving open spaces. Unfortunately, really soft materials can only be created by generating a foam structure, which tends to have a nonuniform surface with consequent risk of the electrode surface roughness reducing the effective contact area, i.e., the area of the electrode which is actually in contact with the specimen [13] . Two kinds of materials were tested: a rubber material, which shows a compact surface and a Young modulus of about 3 MPa, and low-density closed-cell polyurethane with a Young modulus of about 0.3 MPa. This second material shows important deformations which should warrant good conformability, but it has a surface roughness, which could reduce the effective contact area.
The first electrode was prepared starting from a stiff 3.5-mm-thick rubber sheet, while the other electrode was prepared starting from a closed-cell polyurethane sheet with an uncompressed thickness of 5 mm. Both materials were cut in 1 cm 2 and cleaned with isopropanol. After the deposition of the gold film on one of the surfaces, a silver-filled epoxy resin was used to create a conductive path on the side of the rubber, up to the opposite face. In this way, it was not necessary to repeat the sputtering to completely cover the electrodes, thus reducing gold consumption. Fig. 3 shows an example of the two dry electrode types. It is easy to see the different aspects of the electrode surfaces and the silver lateral conductive paths.
Once the electrodes had been prepared, tests were performed to assess their behavior, as a function of the load pressure, which changes both the mechanical dimension and the effective contact area [13] . To this aim, tests were performed by using a diamond-like-carbon-coated disk [14] of known coating thickness and dielectric constant. The measurements were performed with a cell on which it is possible to adjust the load pressure in the range of 10 kPa, corresponding to an almost undeformed electrode, to 180 kPa, corresponding to a very deformed electrode [13] . Fig. 4 shows the results obtained with the two electrodes loaded with increasing pressure. The measured equivalent area is 40%-90% of the apparent area depending on the applied pressure. The repeatability of the equivalent area, which is mainly due to the rubber relaxation phenomena [13] , is of about 5%. One should note that the estimated values depend not only on the electrode material but also on the surface flatness of the object and can, therefore, only be used in the case of flat surfaces; lower values are expected in the case of rough surfaces.
C. Gel-Based Electrodes
Commercially available disposable surface electrodes, usually employed for ECG measurements, were used in this study (Kendall Tyco ARBO). These electrodes, which are cheap and easily available, are composed of a Ag/AgCl electrode surrounded by a conductive gel, whose resistivity is about 100 Ω · m. The gel is surrounded by an adhesive material (Fig. 5) which is used to fix the electrodes. The electrodes have a total diameter of about 25 mm, a gel diameter of about 16 mm, and a Ag/AgCl disk with a diameter of about 10 mm.
The cross-sectional image (right part in Fig. 5 ) shows that the gel under the tip is about 600 μm thick, while it is much thicker in the remaining part. Although this is irrelevant for conventional ECG use, it causes problems in the EIS applications, since it becomes difficult to compute the electrode equivalent area: If the resistivity of the coating below the electrode is low, the current tends to concentrate just below the electrode tip, Fig. 6 . ECG current field distribution in the cases of (top image) low and (bottom image) high coating resistivities. The field is shown in gray levels with white as the highest value and dark gray as the zero value. In the case of a lowresistivity coating, the current extends only marginally outside the tip diameter; in the case of a high-resistivity coating, the current lines extend over almost all the entire gel area.
due to the high gel resistivity, but if the coating has a higher resistivity than the gel, the current lines also tend to flow in the gel.
This actually changes the equivalent surface, as a function of the coating resistivity, and requires a correction. The necessary correction can be estimated by modeling the electric field under the tip through a finite-element analysis (FEA).
To this aim, the authors modeled the tip and simulated the field using a free commercial software [15] . The simulated field, in the cases of low and high coating resistivities, is shown in Fig. 6 . The top image refers to a case with low coating resistivity: The current extends only marginally outside the tip. The bottom image instead refers to a high-resistivity coating: In this case, the current lines extend over almost all the entire gel area.
By integrating the current field, it is possible to estimate the equivalent area as a function of the coating resistivity. Fig. 7 shows the simulation results. The correction factor ranges from 1.4 to about 2.6, as the resistivity of the coating layer varies from 1 to 10 7 Ω · m. Fig. 8 shows the correction factor as a function of the measured resistance and can be used to correct the results during use of the electrode. The plot shows a minimum measured resistance of about 600 Ω, which corresponds to the gel resistance. This means that the gel electrode cannot be used to measure very low resistance values, even though this is not a drawback in real conditions, since the expected impedance values are much higher than this value. The equivalent area becomes almost constant when the measured resistance is greater than 100 kΩ, i.e., when all the gel area is uniformly interested by the current field. 
III. EXPERIMENTAL RESULTS
A. EIS System
In order to test the electrode performance in comparison with the standard electrochemical cell, tests were performed both on highly protective coatings and on natural corrosion layers. All tests were performed using a portable instrument developed by the authors [6] , which has an amplitude uncertainty of 1.5%-4%, depending on the impedance value, and a phase uncertainty of 1
• -3
• . The EIS system is capable of doing measurements for frequencies in the range of 10 mHz-40 kHz and is capable of compensating the free corrosion potential.
B. Electrode Performance on Highly Protective Coatings
In order to test the electrode performance for highly protective coatings, tests were performed using a specimen composed of a 2-mm-thick iron sheet painted with a highly protective layer that should appear as a pure capacitor during the impedance measurement. A 70-μm-thick polyurethane coating cured in an oven after deposition to increase the cross-linking degree and obtain a compact layer was adopted. The coating is expected to have a relative dielectric constant in the range of four to six and a resistivity in excess of 10 10 Ω · m. Fig. 9 shows the impedance measured by means of the electrochemical cell, with the two dry electrode types, and with the gel-based electrode. The dry electrodes were pressed onto Fig. 9 . Impedance recorded on the iron sheet coated with a highly protective coating. The EIS measurements were performed employing the dry and gel electrodes and with a conventional electrochemical cell filled with mineral water. FIG. 9 the specimen by using an electrode holder which applies a pressure of about 100 kPa, while no pressure was applied to the gel electrode after its positioning. The traces for the dry and gel electrodes have been corrected for the effective area, and all the traces have been scaled to an area corresponding to 1 cm 2 . The results confirm the highly protective behavior of the coating, which can be described as the film capacitance (C f ) in parallel with a very high not measurable (> 100 GΩ) R p resistance. Also, the effect of the solution resistance R s , which is on the order of 600 Ω for the ECG electrode, as measured in the previous section, and lower for the electrochemical cell, is not visible in the plots. Table I shows the film capacitance that can be estimated by fitting the impedance spectra with the equivalent circuit in Fig. 1 . The closed-cell electrode, the gel-based electrode, and the electrochemical cell give rather similar results, while the rubber electrode overestimates the film capacitance, probably because of rubber relaxation phenomena [13] .
The results confirm that both the gel-based and the closedcell electrodes can be used in place of the conventional electrochemical cell in the case of highly protective coatings. The rubber electrode instead, due to the rubber stiffness, is problematic.
C. Electrode Performance on a Corroded Iron Sample
Other laboratory tests were performed on a completely different sample, composed of a badly corroded specimen. The specimen, shown at the bottom part of Fig. 10 , is an ARMCO iron disk (50 mm in diameter) exposed to the outdoor atmosphere for ten years and coated with a several-micrometer- Fig. 10 . Impedance of the corroded specimen obtained using the different techniques. All the traces have been corrected for the estimated electrode area and scaled to an equivalent surface of 1 cm 2 . Two traces are shown for the gel electrode. One ECG measurement (ECG-dry) has been taken by simply attaching the electrode to the surface, and (ECG-wet) the other has been taken after a preconditioning of the surface by wetting the area with mineral water. A picture of the specimen, which is a heavily corroded iron disk with surface irregularities of about 0.5 mm, can be seen at the bottom. thick corrosion product layer. This sample was selected as an extreme example to see whether the low-aggressive electrodes are able to provide useful data in these conditions. Measuring samples of this type may require special attention due the their possible surface fragility. In the case of the dry electrodes, special attention must be paid to avoid tangential forces when positioning the electrodes and to avoid excessive compression forces. The authors did not encounter problems by limiting the pressure to about 100 kPa, as described in the previous section. In the case of the gel electrode, problems may arise when the electrode is removed due to its adhesive, which may detach part of the surface. The preconditioning described in the next paragraph greatly reduces this problem.
A stabilization time of 1 h was used in the case of the ECG electrode and electrochemical cell before taking the measurements to allow the free corrosion potential to set. Fig. 10 shows the results obtained using the closed-cell and the gel-based electrodes and the electrochemical cell. As expected, the closed-cell electrode is not able to follow the surface roughness and an abnormal behavior can be observed, while the gel-based electrode reacts to the presence of pores although it shows a much higher impedance than the electrochemical cell, which has been used as a reference value. The difference is obviously due to the difficulty that the polymeric gel has in penetrating inside the porous corrosion product layer which, as already mentioned, is remarkably thick.
An easy way of diminishing this problem is to precondition the sample surface by wetting it with mineralized water. The water penetrates the pores, overcoming the reduced gel mobility. Since the pore depth is limited compared with the gel thickness, even low-conductivity mineral water that does not expose the sample to corrosion hazards can be used. The preconditioning also reduces the adhesive force; this is usually The left chain appears well preserved, while the right chain shows corrosion in evolution. Both chains are in their original state, as installed in the 14th century, without any protective coating. The distribution of the corroded chains does not follow a specific scheme. not a problem, since the electrode is not subjected to noticeable stresses, and helps avoiding problems when the electrode itself is removed. In addition, the limited amount of water allows it to dry in a few minutes of exposure to air; therefore, the preconditioning can be considered safe in most cases. The trace obtained 1 h after the gel electrode had been positioned on the preconditioned area shows that the gel electrode behaves like the electrochemical cell, at least for frequencies as low as 10 Hz. It is therefore possible to hypothesize that the traces can be used successfully to estimate most of the coating properties. The preconditioning cannot obviously be used to extend the gelbased measurement capabilities to very low frequencies, where the behavior is connected to the characteristics of the micropores and to the ionic charge transfer phenomena. However, this kind of information is mostly required when dealing with not coated surfaces in order to study the early beginning of the corrosion process.
D. In Situ Measurements
On the basis of the results obtained in the laboratory, the low-invasive electrodes were then used in situ in a measuring campaign on the iron chains of the Amiens Cathedral in the north of France.
The cathedral dates back to the 14th century, and its roof is sustained by iron chains installed over different periods after the cathedral has been built. The chains, which were not protected in any way according to common practice at the time of construction, are inside the cathedral and thus not directly exposed to rain but are subjected to the so-called wet-dry corrosion cycle [16] . Due to the thermal inertia of the iron, when warm and humid air comes in contact with the still cold chains, condensation may occur on the chains and, then, is followed by drying when the temperature of the chains increases. This cycle, repeated for hundreds of years, may lead either to the formation of a thick protective layer or to chain corrosion. The corrosion layer, which is constituted of iron oxides and oxyhydroxides, such as goethite, lepidocrocite, maghemite, and akaganeite, organized in a very complex structure, may remain stable for long periods but may also become unstable if something in the environment changes and lose its protective properties. There is great concern about the possibility of sudden corrosion due to the air pollution, which would damage the chains. Random spots of dangerous corrosion processes have, in fact, already been observed (see Figs. 11 and 12 ) apparently without any specific reason.
Some microsamplings of the chains were performed to establish the composition of the corrosion layer, but despite the Fig. 12 . Details of two chain surfaces. On the left is a well-preserved chain; on the right is an example of chain affected by corrosion. The picture on the left shows a gel-based electrode in place. The positioning of the electrode is easy even in the presence of the space constraints connected to the chain installation. Fig. 13 . Bode plots recorded for chains 46-east and 51-west. All the traces are scaled to an equivalent area of 1 cm 2 . The impedance at low frequency is well above 100 kΩ with a nearly resistive phase, which is connected to low values of the diffusion capacitance. These high impedance values suggest that the coating is quite compact, capable of isolating the iron underneath and of protecting it from the corrosion. The Roman numbers next to the traces refer to the chain catalog number. Irregularities appear on the traces at high frequency due to the electromagnetic interference with the church antipigeon electric fence.
deep chemical and microstructural analysis, several questions about the corrosion mechanisms and the presence of electrochemically active species remained unresolved. Furthermore, it was not possible to sample all the artifacts or to plan repetitive samplings of the chains.
An in situ EIS was considered an interesting alternative. However, the use of an electrochemical cell on the chains was almost impossible even though ad hoc cells were designed for the different chains due to the space constraints connected to the position of the chain.
Gel-based electrodes instead appeared an easy and convenient alternative. A measuring campaign was therefore set up with the aim of trying to predict any possible dangerous corrosion phenomena.
The tests highlighted the presence of two different kinds of behavior, which are clearly described by the traces in Figs. 13 and 14. Fig. 13 refers to chains 46-east and 51-west, which appear to be well-preserved iron chains. The impedance at low frequency is well above 100 kΩ, with a nearly resistive phase, which is connected to low values of the double-layer capacitance. These high impedance values [4] suggest that the coating is quite compact, capable of isolating the iron underneath and of protecting it from corrosion.
Fig. 14 instead refers to chains 18-north and 30-south. The impedance at low frequency is well below 100 kΩ, with a Bode plots recorded for chains 18-north and 30-south. All the traces are scaled to an equivalent area of 1 cm 2 . The impedance at low frequency is well below 100 kΩ with a marked phase reduction in the 10-100-Hz frequency range, which is connected to the diffusion capacitance. These low impedance values, coupled with the phase trend, suggest that the coating is porous, incapable of isolating the iron underneath and exposing it to corrosion. The Roman numbers next to the traces refer to the chain catalog number. marked phase reduction in the 10-100-Hz frequency range, which is connected to the double-layer capacitance. These low impedance values, coupled with the phase trend, suggest that the coating is porous, incapable of isolating the iron underneath and thus exposing it to corrosion. Most of the chains with this type of impedance behavior appear corroded; however, some of the low-impedance chains appear apparently well preserved.
The reported traces refer to chains which were subjected to sampling and chemical and morphological characterization using a scanning electron microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDS). Good electrochemical behavior and high stability of the corrosion product layer were observed on the iron chains on which the SEM-EDS analyses showed the presence of phosphorus, which prevents corrosion; on the contrary, low impedance values highlighted a high corrosion rate where the SEM-EDS analysis showed the absence of phosphorus in the alloy.
The obtained results confirm that the gel electrodes can be used successfully to discriminate between protective corrosion layers of different extent and to highlight the presence of risky areas due to porous layers, before evident corrosion occurs.
IV. CONCLUSION
Dry and gel-based electrodes, coupled with a portable EIS system, can be an interesting solution to assess the status of protective coatings and corrosion layers on metallic artifacts. Both electrode types can be used on rough surfaces and can be used in situ where conventional electrochemical cells cannot be employed.
Dry electrodes do not damage the surface but do not provide any information on diffusion phenomena. They can be used mainly to assess highly protective coatings but can also lead to an underestimation of the risks if the coating has micropores.
Commercially available ECG gel-type electrodes are a costeffective minimally invasive solution. They provide partial although usually sufficient information on the diffusion, provided that a preconditioning involving wetting the surface with mineral water 1 h before the measurement is adopted.
This moistening is required as ECG gel is designed for the skin and has low ion mobility. Tailored gel electrodes, which are more suitable for the specific application, with highmobility low-aggressive gel and low-aggressive adhesives are being designed, and these might permit to remove the necessity of the premoistening phase.
The described electrodes have been used in situ in the Amiens Cathedral, France. A noninvasive monitoring of the internal iron chains has been conducted, and apparently wellpreserved chains, which are in danger of possible corrosion due to the porous nature of their corrosion layers, have been identified. The proposed solution based on the gel electrodes cannot be used to determine either the corrosion layer thickness, its porosity, or its composition, but it can be extremely useful to isolate critical problems, which may be studied by using other, more sophisticated and/or invasive, approaches.
